Fabrication and characterization of metal-semiconductor-metal (MSM) ultraviolet (UV) photodetector (PD) based on Ga doped ZnO (ZnO:Ga)/graphene is presented in this work. A low dark current of 8.68 nA was demonstrated at a bias of 1 V and a large photo to dark contrast ratio of more than four orders of magnitude was observed. MSM PD exhibited a room temperature responsivity of 48.37 A/W at wavelength of 350 nm and UV-to-visible rejection ratio of about three orders of magnitude. A large photo-todark contrast and UV-to-visible rejection ratio suggests the enhancement in the PD performance which is attributed to the existence of a surface plasmon effect at the interface of the ZnO:Ga and underlying graphene layer.
Introduction
In the recent years, there is enormous interest in fully transparent ultraviolet (UV) zinc oxide (ZnO) thin film based photodetectors (PDs) due to its various applications in environmental monitoring, large area displays and optical communications [1] [2] [3] [4] . For UV thin film PDs, it is vital to demonstrate high response capability, good linearity of the photocurrent versus incident optical power and good rejection ratio. Moreover, it is crucial to have structural simplicity, low cost fabrication and room temperature operation for practical application.
Over the last decade, several kinds of wide bandgap semiconductors, such as GaN, SiC, diamond, CdS and ZnO, have been developed and applied to UV PDs [5] [6] [7] [8] [9] . Among of them, ZnO has attracted increasing interest for its particular properties such as a wide band gap of $ 3.37 eV, large exciton binding energy of $60 meV, high radiation endurability, low cost, and environmental inertness, thus emerging as one of the excellent material for next generation UV PD [10, 11] . ZnO-based UV PDs is fabricated from single crystals, thin films and nanostructures in the recent past [12] [13] [14] [15] . Performance enhancement is still one of the major issues of ZnO-based UV PDs, and continuing efforts are committed in this direction. Although, there are currently great attention paid on ZnO and graphene due to their unique and promising characteristics, there are few reports on their hybrid structure. Recent reports displayed the research efforts focused on hybrid ZnO nanostructures and graphene and their potential device applications.
At the recent past, surface plasmon has been utilized for the improvement of the device performance. The SPs can be realized by coating or decorating of metal nanoparticles on the active surface by magnetron sputtering and spin coating. The metal nanoparticles on the surface can enhance the scattering of the incident photons and make more photons reach the substrate, and thus the absorption of the photons can be enhanced [16] . Furthermore, surface plasmons can be displayed on the interface between ZnO and graphene layers [17] . Resonant plasmon modes can be induced in graphene when radiation from the ZnO film is partially trapped between the graphene and a ZnO surface. The induced plasmon can then be transformed into propagating photons through the scattering with granules on the ZnO surface and eventually result in enhanced photoemission, which provides improved performance of ZnO UV PDs.
Numerous approaches are made to enhance photoresponsivity of the ZnO based UV PDs. Kim et al. [18] have inserted MgO buffer layer to enhance the selectivity and the responsivity of the film to UV wavelengths. The highest responsivity was obtained 27 A/W. Tian et al. [19] have used surface plasmon to enhanced performance of ZnO MSM and Pt nanoparticles were coated on the surface of the ZnO film based MSM structured UV photodetectors. They have found that the responsivity of the device is enhanced by up to 56% and the obtained responsivity was 1 et al. [20] . The dark current of the photodetector is measured as 1 pA at 100 V bias and spectral photoresponse measurement showed the usual spectral behavior and 0.35 A/W responsivity at a 100 V bias. Safa et al. [21] have demonstrated photodetection enhancement based on ZnO-reduced graphene composites fabricated by a sonochemical method. They have observed highest responsivity of 1.32 A/W with 7.5 wt% of reduced graphene oxide. Xu et al. [22] have grown ZnO nanowire on graphene layer by a hydrothermal method. The ZnO NWs revealed higher uniform surface morphology and better structural properties than ZnO NWs grown on SiO 2 /Si substrate. They have obtained low dark current in the range on nA at 1 V and high responsivity of 188 A/W. The enhanced detector performance is due to the improvement of ZnO nanowire crystal quality, the increase in optical absorption, and the prevention of electron-hole recombination caused by the surface plasmon from the graphene and ZnO interface. In the present study, ZnO:Ga thin film was deposited on graphene layer in which the responsivity of the ZnO film could be enhanced due to the surface plasmon excitement at the interface. The fabricated ZnO:Ga/Graphene based MSM device revealed very low dark current and high responsivity. To the best of our knowledge, there are only few reports available based ZnO thin films grown on graphene MSM UV PD device.
In the present study, we describe fabrication and characterization of MSM UV PDs based on ZnO:Ga/graphene. The fabricated device exhibited low dark current and large photocurrent-to-dark current contrast ratio. The obtained results show that insertion of graphene layer can dramatically enhance MSM UV PD properties.
Experimental details
High quality single layer graphene was synthesized by CVD on Cu foil. Prior to deposit graphene, Cu foil was cleaned with acetone, isopropyl alcohol and rinsed with de-ionized water respectively. The base pressure of the chamber was maintained at 1.5 mTorr and temperature was kept at 1000°C. After graphene growth, the graphene on Cu was spin coated with polymethylmethacrylate (PMMA). The PMMA coated Cu foil was then placed on diluted nitric acid solution for removing the bottom side of graphene and then Cu foil was dissolved in an ammonium persulphate solution and PMMA/graphene was lifted from the solution and transferred onto the water. The PMMA with graphene was then transferred on to the SiO 2 /Si substrate. After completing the transfer process, the PMMA/graphene was immersed in acetone to remove the PMMA and the complete graphene transfer process is illustrated in Fig. 1 .
ZnO:Ga thin films were deposited on graphene/SiO 2 /Si substrate using RF magnetron sputtering technique. ZnO with 1 wt% Ga 2 O 3 pallets was used as a target and high purity Ar was used as the sputtering gas. The deposition was carried out in a vacuum chamber evacuated to a pressure of 6.6 Â 10 À 6 Torr. The Ar gas pressure was maintained at 10 mTorr during deposition. ZnO:Ga thin film of 500 nm were grown with a conventional two-step growth method. A low temperature buffer layer of 50 nm deposited at substrate temperature of 150°C and then, a high temperature growth of ZnO:Ga thin film thickness of 450 nm was deposited at 500°C. The RF power of 100 W and deposition time of 45 min was kept constant. Interdigitated metal electrodes were fabricated by standard photolithography and liftoff process. Fig. 2 demonstrates the schematic structure of the fabricated ZnO:Ga/graphene MSM UV PD device. Magnetron sputtered 10/90 nm thick Ni/Au interdigitated fingers were employed as the metal contact in order to form MSM UV PD on ZnO:Ga/graphene. The optical active area was 10 Â 100 mm 2 with spacing of 10 mm. The vacuum chamber was evacuated at base pressure of 5.0 Â 10 À 6 Torr. A Rigaku x-ray diffraction (XRD) system was employed to study crystallographic orientation of the film. The surface morphology and microstructure of the films were observed by a Hitachi S-4700 scanning electron microscope (SEM). The current-voltage (I-V) measurements were performed using standard probe station and a semiconductor parameter analyzer (Keithley 4200) at room temperature. The spectral response was obtained by using a lock-in amplifier with an optical chopper and a monochromator from 300 to 450 nm with a 150 W xenon arc lamp. Fig. 3 . XRD spectrum of ZnO:Ga/graphene thin film. Fig. 3 shows XRD spectrum of ZnO:Ga/graphene thin films grown on SiO 2 /Si substrate. The XRD spectrum exhibits only (002) and (004) diffraction peaks, indicating highly preferred c-axis orientation. No other phases corresponding Ga 2 O 3 were seen. The stronger (002) diffraction peak obtained from the ZnO:Ga films grown on graphene layer suggests that the high quality of the ZnO: Ga thin film was grown on the graphene layer.
Results and discussion
Cross-section SEM image of the grown film is shown in Fig. 4 , indicating that the micrograph of the ZnO:Ga film was grown in island-growth mode as very dense columnar structure, vertically aligned high aspect ratio grains. This type of growth leads to very high surface area/volume ratio through the film.
Raman spectrum of graphene layer grown on SiO 2 /Si is illustrated in Fig. 5 . The graphene layer recognized by Raman measurements displayed a large 2D to G intensity ratio. The Raman spectrum obtained a strong 2D peak centered at 2671 cm À 1 and G peak located at 1589 cm
. The absence of D mode in the Raman spectrum suggests a small number of defects. The number of graphene layer is associated with the intensity ratio of the 2D and G modes. The Raman intensity ratio of the 2D to G modes is found to be nearly 2, indicating the graphene is deposited in single layer [23] .
A typical RT dark and photocurrent I-V characteristics of ZnO: Ga/graphene MSM UV PD is demonstrated in Fig. 6 . The resulting curve shows non-linear rectifying behavior. The dark current measured from the fabricated ZnO:Ga/graphene MSM UV PD remains in the nA up to the bias voltage of 3 V. The device exhibited low dark current in the range of 8.68 nA at bias voltage of 1 V. An abrupt increase in the current is observed under illumination with UV light. When the device is illuminated at 370 nm, the photo current increased to 6.27 Â 10 À 4 A at 1 V bias. The photo-to-dark current contrast ratio was found to be about 2.22 Â 10 5 at bias voltage of 3 V, which is attributed by the excitation of surface plasmons at the interface between ZnO:Ga and graphene layer [24] . I-V characteristics of the ZnO:Ga/graphene MSM PDs is analyzed by thermionic emission theory to calculate electrical parameters using the following diode equations [25] 
where I 0 is saturation current expressed as
where q is electron charge, V applied voltage, A the effective diode area, A * the Richardson constant, which is 32 A cm À 2 K À 2 in case of ZnO [26] , R s series resistance, T absolute temperature, ϕ b the effective barrier height, and n is ideal factor. The barrier height and ideality factor are determined by fitting the forward I-V curve and the obtained values are 0.81 eV and 1.78, respectively. Fig. 7 shows the responsivity spectrum of ZnO:Ga/graphene MSM UV PD at a bias voltage of 1 V. The responsivity is estimated using a calibrated detector. It can be clearly seen from the figure that the device reveals sharp cut off above the band edge of ZnO at wavelength of 370 nm. The responsivity is significantly higher for the wavelength range of 300-370 nm and gradually decreases when the device is shined with a longer wavelength. The measured peak responsivity of ZnO:Ga/graphene MSM UV PD is achieved 48.37 A/W at 350 nm. The measured responsivity of the device is larger than the theoretical value of a ZnO based UV PDs supporting internal gain in the device. It is noticed that the obtained results are better than those of previously reported ZnO thin films based MSM PDs [27, 28] . Furthermore, the fabricated device revealed superior responsivity to those of the reported UV PDs, such as graphene/p-Si PDs, mixed-phase ZnMgO based PDs and dual band MgZnO UV PDs integrated on Si [25, 29, 30] . The fact that PD response dropped from 48.37 at 0.32 A/W at wavelength 350-400 nm across the cut-off region also indicates that high quality ZnO:Ga thin film is grown on graphene/SiO 2 /Si. The detectivity of the ZnO:Ga/Graphene MSM UV PD is determined using the following equation [31] 
where R is the zero bias reponsivity, R 0 is the differential resistance at zero bias and A is the detector area. The MSM UV PD fabricated on ZnO:Ga/graphene demonstrates better results in terms of low dark current, larger photo-to-dark current ratio and UV-to-visible rejection ratio in comparison to the device fabricated without inserted graphene into the Si substrate (data not shown here). It is assumed that the enhancement of the performance of UV PDs based on hybrid structure of ZnO:Ga/graphene originates from the excitation of surface plasmons at the interface between ZnO:Ga and graphene layer. The surface plasmon excites an electromagnetic field in ZnO:Ga and the peak amplitude of the field are expected to be much larger than that of the incident electromagnetic field. It is supposed that the increased field amplitude and interaction time between the field and the ZnO:Ga might be likely to increase absorption. It is evident that in the presence of graphene, photocurrent response increases at the wavelength corresponding to those of the graphene surface plasmon resonances. When device is illuminated photons are transformed from surface plasmons graphene through the scattering with corrugated ZnO surface. The photo-excited electrons in the conduction band of ZnO:Ga can transfer to the graphene side, which acts as an electron sink due to the Schottky barrier at the ZnO:Ga/graphene interface. Consequently, separation of the charges at the interface prevents the recombination of electrons and holes, hence, more and more photo-generated carriers can be collected which results in terms of responsivity enhancement.
Conclusion
MSM UV PDs on ZnO:Ga/graphene is fabricated and characterized. The obtained device achieved low dark current and larger photo-to-dark current contrast ratio. The dark current was found to be in the range of nA up to bias voltage of 3 V. The measured peak responsivity value of 48.37 A/W at 350 nm was achieved. The performance enhancement of the device caused by the generation of surface plamons at the interface between ZnO:
Ga/graphene layer. The obtained results indicate that this approach may be very useful in fabricating high performance ZnO thin film based UV PDs.
